Abstract Living trees constitute one of the major stocks of carbon in tropical forests. A better understanding of variations in the dynamics and structure of tropical forests is necessary for predicting the potential for these ecosystems to lose or store carbon, and for understanding how they recover from disturbance. Amazonian tropical forests occur over a vast area that encompasses differences in topography, climate, and geologic substrate. We observed large differences in forest structure, biomass, and tree growth rates in permanent plots situated in the eastern (near Santarém, Pará), central (near Manaus, Amazonas) and southwestern (near Rio Branco, Acre) Amazon, which differed in dry season length, as well as other factors. Forests at the two sites experiencing longer dry seasons, near Rio Branco and Santarém, had lower stem frequencies (460 and 466 ha −1 respectively), less biodiversity (Shannon-Wiener diversity index), and smaller aboveground C stocks (140.6 and 122.1 Mg C ha ), which had less seasonal variation in rainfall. The forests experiencing longer dry seasons also stored a greater proportion of the total biomass in trees with >50 cm diameter (41-45 vs 30% in Manaus). Rates of annual addition of C to living trees calculated from monthly dendrometer band measurements were 1.9 (Manaus), 2.8 (Santarém), and 2.6 (Rio Branco) Mg C ha
ler aboveground C stocks (140.6 and 122.1 Mg C ha ), which had less seasonal variation in rainfall. The forests experiencing longer dry seasons also stored a greater proportion of the total biomass in trees with >50 cm diameter (41-45 vs 30% in Manaus). Rates of annual addition of C to living trees calculated from monthly dendrometer band measurements were 1.9 (Manaus), 2.8 (Santarém), and 2.6 (Rio Branco) Mg C ha
. At all sites, trees in the 10-30 cm diameter class accounted for the highest proportion of annual growth (38, 55 and 56% in Manaus, Rio Branco and Santarém, respectively) . Growth showed marked seasonality, with largest stem diameter increment in the wet season and smallest in the dry season, though this may be confounded by seasonal variation in wood water content. Year-to-year variations in C allocated to stem growth ranged from nearly zero in Rio Branco, to 0.8 Mg C ha −1 year −1 in Manaus (40% of annual mean) and 0.9 Mg C ha −1 year −1 (33% of annual mean) in Santarém, though this variability showed no significant relation with precipitation among years. Initial estimates of the C balance of live wood including recruitment and mortality as well as growth suggests that live wood biomass is at near steady-state in Manaus, but accumulating at about 1.5 Mg C ha −1 at the other two sites.
Introduction
Tropical rainforests play an important role in the global terrestrial carbon cycle (Dixon et al. 1994) , accounting for 32 (Field et al. 1998 ) to 36% of terrestrial net primary production (NPP) (Melillo et al. 1993; Potter et al. 1993 (Braga 1979) , and contain~30% of global vegetation carbon stocks. More than 50% of the carbon in Amazonian rainforest is in the form of woody biomass: tree trunks, branches and large roots (Brown et al. 1995; Keller et al. 2001) . A number of studies (Trumbore et al. 1995; Camargo et al. 1999; Bernoux et al. 2002; Telles et al. 2003) have shown that large stocks of C in tropical soils are mostly associated with material that is preserved for centuries and longer. Hence, the dynamics of wood and woody debris will dominate the short-term response of C storage in these forests (Phillips et al. 1998; Chambers et al. 2001a) . At the continental scale, the Amazon basin includes considerable variation in climatic regime, topography, and geography (Elsenbeer and Lack 1997) , and carbon cycle dynamics that vary with these factors (Vetter and Botosso 1989; Clark and Clark 1994; Malhi et al. 2002) . According to Liebmann and Marengo (2001) the mean precipitation in the Brazilian Amazon varies from less than 2,000 mm year −1 in the south, east and extreme north to more than 3,000 mm year −1 in the northwest of the region. The dry season in the Amazon basin varies from nonexistent to periods when there are 7 consecutive months with less than 100 mm month −1 of rain (Sombroek 2001) . A better understanding of aboveground biomass distribution and tree growth across the Amazon basin is of great importance in order to understand how this region's carbon balance responds to climate variability (Schimel 1995; Houghton et al. 2000; Ketterings et al. 2001) . The role of the Amazon region in the global balance of carbon, especially the potential of primary forests to act as a source or sink of carbon due to climatic changes depends mainly on the carbon dynamics in trees of terra-firme forest Brazilian Amazon (Schimel 1995; Houghton et al. 2000; Ketterings et al. 2001) where 74% of the terrestrial biomass carbon is allocated (Brown et al. 1995) . This is a controversial issue since several studies have proposed that the some sites within Amazon forest acts as a sink for carbon (Grace et al. 1995a,b; Malhi et al. 1998; Phillips et al. 1998; Malhi et al. 2002; Phillips et al. 2002) , while others may act as a small temporary source of carbon to the atmosphere (Rice et al. 2004; Saleska et al. 2003) .
Here, we describe forest structure and growth dynamics of three permanent plots in the Amazon basin. These intensive sites are part of the Brazilian-led LBA (Largescale Biosphere-Atmosphere Exchange in the Amazon) Project, and include new as well as pre-existing permanent plots. Here, we investigate among these three sites differences in (1) floristic composition, structure and biomass, (2) annual growth increment, and (3) seasonal patterns of growth.
Materials and methods

Study sites
Our three study sites were: (1) the ZF-2 Experimental Station of the Forest Management operated by the National Institute for Research in the Amazon (INPA), located about 90 km North of Manaus, Brazil (60°11′W, 2°58′S); (2) the Catuaba Experimental Farm of Universidade Federal do Acre, (UFAC); located about 23 km from Rio Branco, Brazil (67°62′W, 10°07′S); and (3) the Tapajós National Forest located near Santarém, Brazil (54°95′W, 2°85′S).
Mean annual rainfall in Manaus measured between 1961 and 1990 was 2,285 mm, more than the average annual rainfall of 1,940 mm in Rio Branco (measured from 1969 to 1990) and 1,909 mm in Santarém (measured from 1967 to 1990) (INMET 2001; NuRMA 2002) . The major climatic difference among the sites is the seasonality of the distribution of rainfall. Annual movement of the intertropical convergence zone across the Amazon basin results in distinct wet and dry seasons (Marengo and Nobre 2001) . Rainfall during dry season months can be quite low (averaging <100 mm month −1 ) (Sombroek 2001) . Roughly 36% of dense terra-firme forest in the Amazon basin are located in areas where the precipitation in the driest three months averages <45 mm month −1 , and can be as low as <15 mm month −1 in the eastern and southern portions of Amazônia (Nepstad et al. 1994) . Areas experiencing long dry seasons in eastern Pará are able to maintain broadleaf evergreen forests and high evapotranspiration rates because of water mined by deep-rooting trees (Nepstad et al. 1994) . We define the dry season length here as the number of months with rainfall averaging <100 mm month −1 . Manaus experiences the shortest dry season (3 months, July-September), Santarém the longest (5 months, JulyNovember), and the dry season in Rio Branco lasts for 4 months (June-September).
Soils at the Manaus and Santarém sites are clay-rich Oxisols with low organic C content, low pH, low effective cation exchange capacity, and high aluminum saturation (Chauvel et al. 1987; Parrota et al. 1995; Ferraz et al. 1998; Telles et al. 2003) . Soils at the Catuaba Experimental Farm are classified as dystrophic and eutrophic Ultisols with patchy occurrence of Oxisols (Silveira 2001; Salimon et al. 2004 ), but at our permanent plot the principal soils are Oxisols, as in the other two areas.
In the Manaus and Santarém sites, the vegetation is dense terrafirme (upland) tropical moist forest or "old-growth" (Higuchi et al. 1997; Clark and Clark 1996) . The Santarém site is characterized by a larger number of gaps and vines than the Manaus site, while the Rio Branco forest is a mosaic with small patches of dense forest within a large matrix of smaller-stature, open forest with bamboo (Silveira 2001) . In Rio Branco, the Catuaba Experimental Farm is an extractive reserve. Although trees have not been logged, there are small trails to support extractive use of trees for rubber and Brazil nut products.
Overall relief varies among the three areas, though we sampled at all sites in upland (terra-firme) forest, with slopes of <10%. The major impact related to forest dynamics is likely the accessibility of water for the forests. The Manaus site is dissected by streams that include seasonally flooded areas, with terra-firme forest on plateaus roughly 30 m above water table. The Santarém site is located in a large plateau with a deep water table (up to 100 m deep), while at the Rio Branco site the relief is flat with a water table that can come within~5 m of the surface in the wet season.
Permanent plots
Forest structure, species composition, and growth data were collected in permanent inventory plots established at each of the three sites. In Santarém and Manaus, we took advantage of plots established prior to this study, while in Rio Branco, we established a new permanent plot. As a result, the area and layout of permanent plots differs among the three sites. At all sites, trees >10 cm diameter at breast height (DBH) mapped within each permanent plot were identified to the genus/species level using field identification. The main diversity indexes were calculated according to Magurran (1988 Magurran ( , 2003 and the floristic structure was studied by using Importance Value Index (IVI) (Curtis et al. 1950) . DBH was measured at 1.3 m, except for trees with buttresses, where we report diameter measured 10 cm above the buttresses to minimize errors in biomass estimates (Clark 2004) .
In Manaus, forest inventory data have been collected since the mid-1980s by the INPA Tropical Forestry group from three plots totaling 3 ha. Within each plot, all stems ≥10 cm DBH were tagged, mapped, and diameters were re-measured annually since the mid1980s. To study seasonal changes in growth rates, we used monthly dendrometry data from two transect plots (20m ×2,500 m (5 ha) each), established in 1996 by Jacaranda Project (a collaboration between INPA and Japan International Cooperation Agency, JICA). These transects are located several kilometers from the biomass plots and are oriented in east-west and north-south directions so as to include representative spatial samples of upland plateau, slope and lowland areas associated with small streams. The first 2 years of monthly diameter increment data were used to study variation of growth with topography and are reported in da Silva et al. (2002); we include here a third year of measurements. For comparison with the other sites, we have used a subset of data from upland (terra firme) sites only (79 trees of a total of 272 bands installed at the Jacaranda plots).
In Santarém, we used data from four plots, totaling 20 ha, established in 1999 by LBA team CD-10 (Dr. Steven Wofsy of Harvard University and Dr. Plínio B. de Camargo of CENA-Nuclear Energy Center of Agriculture; Saleska et al. 2003) . These plots consists of transects, each 1,000 m long and 50 m wide. All stems ≥35 cm DBH were included, tagged, mapped and measured. For stems 10-35 cm DBH, four subsets of 4 ha (1,000 m long ×10 m wide) were mapped and measured (Rice et al. 2004 ).
In Rio Branco, an area totaling 10 ha (200 m ×500 m) was established in 1999 by the SETEM-UFAC group (Sector for Studies of Land Use Change, Federal University of Acre) where all stems ≥35 cm DBH were tagged, mapped and measured. A series of subplots (25 m ×25 m) were established within the 10 ha area, and stems ranging from 10 to 35 cm were tagged in 16 of these subplots (totaling 1 ha).
Within each permanent plot, a subset of the total inventoried stems was selected for dendrometry studies. At Manaus we defined four size classes: small trees (10-29.9 cm DBH), medium trees (30-49.9 cm DBH), large trees (50-100 cm DBH) and giant trees (>100 cm DBH). In Rio Branco and Santarém sites, stems were divided into three size classes (10-35, 35-50 cm and >50 cm DBH) and 100 stems in each size class were randomly selected for installation of homemade stainless steel dendrometer bands (Keeland et al. 1993) . Bands were installed in 1998 (Manaus), 1999 (Santarém), and 2000 (Rio Branco), and monitored every 4-8 weeks for growth once an initial several months had passed when the newly installed band adjusts. Our data set represents >300 individuals at Santarém and Rio Branco sites (if trees die, new replacements are randomly assigned), and 79 trees at the Manaus site. Because the size class interval varied among sites, three size classes are reported here: 10-29.9, 30-49.9 and >50 cm DBH. Three years of data (2000) (2001) (2002) are available from Manaus and 2 (2000-2001) for Santarém and Rio Branco (2001-2002) .
Biomass and C inventory
Total aboveground biomass (TAGB) was estimated by applying the allometric equation developed by Chambers et al. (2001b) for the central Amazon:
where: α=−0.370; β 1 =0.333; β 2 =0.933; and β 3 =−0.122. This equation was used to estimate biomass increase from diameter increment at all sites, and carbon inventories were estimated assuming 50% of dry weight biomass is carbon (Brown et al. 1995) .
We used the Chambers et al. (2001b) relationship because it is the only one which has been tested outside the area where it was developed. Chambers et al. (2001b) found that an allometric equation based on trees harvested near Manaus gave about the same forest-wide biomass predictions as an allometric equation based on trees harvested in the state of Pará (Araújo et al. 1999) . The use of allometry equations outside the regions for which they have been produced is a major source of uncertainty. Allometry equations are based on relating measured tree biomass to factors like tree diameter, or diameter and height, averaged over a large number of individuals (of varying characteristics like wood density). Baker et al. (2004) analyzed data from several sites in Amazonia and found that mean stand-level wood density is greater in the central and eastern Amazon than in northern, or southwest Amazonia. These authors have suggested applying a simple multiplicative density correction factor to the allometry equation to account for these differences ). However, tree height as well as wood density vary among our sites, and may confound the use of this density correction factor. Nelson et al. (submitted) showed that the Chambers et al. (2001a,b) , equation overestimates aboveground biomass in the southwestern Amazon by~22% when both tree height and wood density are taken into account. While acknowledging the inherent uncertainties, we have chosen to report data using the Chambers et al. (2001a,b) for forests in Manaus and Santarém, and to accept the 22% correction suggested by Nelson et al. (2004) for the Rio Branco site, until future tests of the allometry equations are available for these sites. Using the density corrections suggested by Baker et al. (2004) would change our biomass estimates by <1% in Santarém, and result in an 18% reduction of biomass (in contrast to the 22% reduction we have used) in Rio Branco.
Growth rate analysis
Dendrometer bands measure changes in the circumference of the tree; changes in tree diameter were calculated as change in the circumference divided by π. Bands at each of the sites were measured every 4-8 weeks. Due the time interval between measurements varied among sites, diameter variations are reported as monthly means of diameter variation per day (μm day −1 ). We have made no correction to the data for seasonal variation in stem water content and its potential effect on our measured growth rates; we assume that, averaged over the course of an entire year, the changes in stem water content will be zero. Failure to correct for changes in stem moisture is likely to enhance seasonal contrasts in growth rate.
Estimation of live wood C balance
Biomass increment is an estimate of the wood volume added when diameter increases. The same increase in diameter may give rise to very different increase in biomass for a small tree and a large tree. We calculated biomass increment for each individual using the measured annual diameter increase and the allometric equation of Chambers et al. (2001b) ; for the Rio Branco site we applied to this the correction factor proposed by Nelson et al. (2004) .
Dendrometer measurements yield an estimate of the amount of C allocated to aboveground wood growth in living trees. To accurately estimate the C balance of the living wood pool, adjustments must be made for the amount of C added by recruitment of new trees (in our case, addition of trees that start to exceed 10 cm diameter) and losses by tree mortality. To determine tree recruitment and mortality, permanent plots in Santarém and Manaus are resurveyed annually; the new plot established in Rio Branco was resurveyed after 3 years. We made preliminary estimates of total live wood C balance using the total change over the 3 years between surveys in Rio Branco, and 2-3 years for which we have dendrometer measurements in Santarém and Manaus. To calculate the carbon budget for the entire live + dead wood pool requires knowledge of the amount and decomposition rate of dead wood in the three areas, which is not yet available.
Results
Floristic composition
Tropical forests are extremely diverse (Simpson index near zero). The three sites we studied varied in dominant tree families and in their degree of diversity as estimated using common indices (Table 1) . Our permanent plots contained trees from 52 families at Manaus (3 ha) and Santarém (20 ha), and 40 at Rio Branco (10 ha), totaling 232 species at Manaus, 164 at Rio Branco and 265 at Santarém. The frequency of occurrence of the five most abundant families for each area is shown in Fig. 1 .
Expressed on a common area basis, the frequency of species was 163, 127 and 133 species ha −1 for Manaus, Rio Branco and Santarém, respectively. The total number of species per unit area identified in our three sites is in accord with values ranging between 90 species ha −1 in Rondônia and 285 species ha −1 in Manaus given by Oliveira and Nelson (2001) for the Amazon region, and indices of diversity generally agree with published values for similar forests (Martins and Santos 1998) . All three sites presented high tree species diversity with Shannon index greater than 4 ( Table 1 ). The highest value was found in the forest at Manaus. The Jentsch coefficient value indicates that all three forests are inhomogeneous Higuchi et al. (1998) for a nearby forest. Jardim and Hosokama (1986) reported a value of 1:10 for a separate plot in the Tapajós National forest, similar to our value of 1:9. The distribution of species within a population (according to Pielou Evenness) is more uniform in Manaus and Rio Branco than in Santarém (Table 1 ). In the JACARANDA project in similar forest in Manaus, Higuchi et al. (1998) , reported a Pielou evenness equal to 0.60, compared to our value of 0.86. The three forests represented by our permanent plots are not similar to one another in terms of the species present (Jaccard's index <0.1; Table 1 ). The greatest similarities are observed for the plots in Rio Branco and Santarém (0.11), which also exhibit similar forest structures.
Structure and biomass
A number of structural and functional differences were found among the sites. Tree density (>10 cm DBH) was greatest in Manaus (626 individuals ha Fig. 2a ). The three areas differed when distributed among diameter classes. For example, 14.5% of the trees in the central Amazon forest represented by the Manaus site were found in the medium (30-49.9 cm DBH) size class, whereas at the Rio Branco and Santarém sites, only 10.5 and 7.7% of the stems were medium-sized trees. Since biomass is calculated using the Chambers et al. (2001b) equation based on DBH, this pattern was also demonstrated in calculated biomass distribution, where 37.5, 24.4, and 18.9% of the TAGB was found in the medium tree size class for Manaus, Rio Branco, and Santarém, respectively (Fig. 2c) . Basal area, which is also based on DBH (Fig. 2b) , showed the same trends among sites. Estimated dry biomass in the year that the forest plots were established was greatest (360 Mg ha ) and biomass (Mg ha −1 ) of trees in the permanent plots by diameter class. Numbers in parentheses are the percentage of the total Table 2 Mean annual diameter growth increments in mm ± SE of the mean observed using dendrometer bands in the three permanent plots. Negative growth rates indicate a decrease in tree diameters during the period of study Differences in biomass are mainly related to both the frequency of individuals and their size. More than 80% of the individuals in all three areas were in the small (10-29.9 cm DBH) size class but this accounted for only 26.4-32.9% of total biomass in the three areas (Fig. 2) . At Manaus 70.8% of the biomass was found in small and medium size classes, while in Rio Branco and Santarém this fraction represented only 56.2 and 45.3%, respectively. Giant trees (>100 cm DBH) occurred with a frequency of 0.6 individuals ha −1 in Manaus, 2.4 ha −1 Rio Branco, and 3.6 ha −1 in Santarém. Brown et al. (1995) found that 50% of TAGB was found in trees larger than 60 cm DBH in a primary tropical forest in Rondônia. We found a similar result for Santarém (44.5% of TAGB in trees >60 cm DBH; Fig. 2 ), but not in the other two sites, where trees >60 cm DBH accounted for only 31.3% (Rio Branco) and 16.7% (Manaus) of TAGB.
Growth rates
Mean annual growth increments derived from dendrometer measurements were highest in Rio Branco (3.9 mm year −1 ), followed by Santarém (3.1 mm year −1 ) and Manaus (1.7 mm year −1 ) ( Table 2) . Growth rates were extremely variable, and differences in mean annual growth increment between Rio Branco and Santarém are not significant (p=0.023, where we define significance at p<0.001). However, both sites had significantly higher growth rates than trees in Manaus (p<0.001).
Daily diameter variation was significant in all three areas and clearly was influenced by seasonality in precipitation (Fig. 3) . Diameter variations were positively correlated with the precipitation in Manaus forest (P=0.0001) and Rio Branco forest (P=0.0145). In Santarém the correlation between mean daily diameter variation and precipitation was not significant when calculated for the entire period of measurement (P=0.254), but was significant when calculated considering only the year 2001 (P=0.0152). The differences between wet and dry season average diameter increments were 8.6, 19.5 and 19.0 μm day −1 in Manaus, Rio Branco and Santarém respectively. As noted earlier, seasonal differences may be overestimated if stem water contents increase from dry to wet season.
Interannual differences in growth rates for individual areas (Table 2) were not significant for Manaus and Rio Branco, but were significant (P=0.0009) for Santarém. At all sites, the largest trees (>50 cm DBH) showed the fastest growth rates and the smallest trees (10-30 cm DBH) the slowest growth rates (P=0.028 at Manaus, P=0.048 at Rio Branco and P=0.0001 at Santarém) (Fig. 4) . When growth is expressed in terms of the per cent of diameter increment, the differences in growth among tree size classes are still significant. Large (>50 cm DBH) trees also showed the greatest seasonal variation, with higher-than-average growth rates in the wet season, and lower-than-average . In all three sites, the smallest trees (10-30 cm DBH), which are ≥80% of the individuals, are responsible for a large fraction of the carbon accumulated annually through tree diameter increment (35-44% of the total in Manaus, and 55% in Rio Branco and Santarém; Table 3 ). Individuals in the 30-50 cm size class accounted for roughly 37% of the annual C accumulated in living biomass in Manaus, although this size class accounted for <30% of the C accumulated in the other areas. Trees with DBH >50 cm represent 15-18% of total carbon accumulated by living tree growth in Rio Branco, although in the other areas they account for 20-27% of annual C accumulation. These patterns of C allocation by size class were repeated in all available years of measurement (Fig. 5) .
Live wood carbon balance
The C accumulation in living trees constitutes only part of the live wood carbon balance. When recruitment and mortality data are considered along with changes in tree diameter, the live wood pool in the Manaus forest plot is losing C at a rate of 0.15 Mg C ha −1 year −1 (Rocha 2001) , while the Rio Branco (this work) and Santarém (Rice et al. 2004) forest plots are accumulating C in the live aboveground biomass at rates of 1.0-1.5 Mg C ha 
Discussion
A number of factors may be responsible for the significant differences we observed in diversity, biomass structure and growth rates among sites, including: (1) length and intensity of the dry season; (2) light availability; (3) differences in soil characteristics (i.e., nutrient availability, water holding capacity, soil texture, etc); (4) differences in disturbance (mortality rates, size of clearings, etc.) that can occur over the short-or the long-term; (5) differences in species composition (mean wood density, intrinsic growth rates); and (6) hydrologic regime. ) and the highest annual growth increment in trees, while the site with the shortest dry season, Manaus, had the highest stem frequency, highest diversity and smallest growth increment. Steeg et al. (2000) suggest that species diversity is strongly influenced by the duration of the dry season, and other studies have shown a relationship between total rainfall and diversity in Neotropical regions (Phillips et al. 1994; Gentry and Dodson 1987; Gentry 1988; Condit et al. 2000) .
Tree diameter increment at all sites showed a strong relationship with the amount of seasonal rainfall. Interannual variation in C allocated to growing stems did not show relationships with precipitation, either between years at one site, or among different sites in a given year, although the data in Rice et al. (2004) suggests that there may be a correlation between total annual precipitation and C uptake in living trees.
Light availability
Differences in vertical canopy structure among the three sites result in differences in the attenuation of light through the canopy, and thereby directly affect photosynthesis, and under some conditions, the amount of C allocated to growth of woody tissue (Rijkers et al. 2000; Körner 2004) . In Manaus, which has few giant emergent trees and a canopy of relatively even height, less light can reach the forest floor than in Rio Branco and Santarém, areas with a more stratified canopy that allows more light penetration. Light availability may also explain the tendency for slowest growth rates to be observed in the smallest trees, since these are likely to experience the least light (and perhaps highest water stress in dry periods).
Soil properties
Although the soils in all three sites are dominated by Oxisols with low phosphorous content, some differences in soil properties exist. Manaus, the site with slowest growth, also had the lowest amount of total base cations (2.1-6.5; Telles et al. 2003 ; Willian Flores, SETEM, personnal communication) of the three sites. On the other hand, Rio Branco, with relatively fast growth rates, had soils with the lowest organic matter content, cation exchange capacity and base saturation. Therefore, no obvious link between soil properties and growth rates can be found for the sites in this study.
Disturbance
In Rio Branco and Santarém the annual accumulation of C (biomass) in living trees was~30% greater than in Manaus. Only up to a quarter (but clearly not all) of this difference could be due to uncertainties in allometry estimates (which have been corrected for in Rio Branco but not in Santarém, Malhi et al. (2004) found the same patterns of C accumulation, with 1.5-2.5 Mg C ha
in the central Amazonia forest and 2.2-2.7 Mg C ha −1 year −1 near the our site in Santarém and 2.4-4.2 Mg C ha −1 year −1 in a forest in south Peru. One potential explanation for the much higher growth rates in these lower-biomass forests might have to do with response to previous disturbance. The period of data collection for our study occurred after a severe drought associated with what many consider the strongest El Ninõ-Southern Oscillation event of this century (Marengo and Tomasella, 1998; MacPhaden 1999) , and which decreased precipitation for the entire year (Ronchail et al. 2002) . Mortality rates covering the years spanning this event showed an increase of as much as 70% in a central Amazon forest near Manaus (Williamson et al. 2000; Körner 2003; Clark 2004) . In tropical forests of Indonesia, the rate of morality in the 1997-1998 ENSO event increased from 1-3% (Phillips and Gentry 1994a) to approximately 10% (Kinnaird and O'Brien 1998) . Recovery from a large mortality event would be associated with changes in forest structure and could explain increased growth rates (Williamsom et al. 2000) . These effects might be amplified in areas that experience a longer dry season such as Rio Branco and Santarém, though we have no mortality estimates for the period preceding our study in these areas. The pool of dead wood in the forest plot we studied in Santarém is larger than would be expected at steady state given observed mortality rates (Rice et al. 2004; Saleska et al. 2003) , which might reflect recent disturbance. In addition, human disturbance through selective logging and extractive management may have affected the sites in Santarém and Rio Branco to a larger degree than the Manaus Jacaranda plot. Clark and Clark (1999) showed a positive correlation between annual basal area increment and stem diameter in a lowland Neotropical rain forest in Costa Rica. Da Silva et al. (2002) showed that mean annual increment for the largest trees (DBH>50 cm) was significantly greater than the other trees (DBH<50 cm). According to Hubbel et al. (1999) , this tendency of larger individuals to have greater diameter increment is related with greater photosynthetic activity of those individuals, which generally dominate the sunlit forest canopy. Growth rates measure changes in diameter (or circumference), which are related to changes in biomass/C inventory by use of an allometric equation. If the allometric equation is based on locally harvested trees, errors are minimized. As already discussed, the fact that we are applying the equation of Chambers et al. (2001a,b) which was developed in the Central Amazon to forests with clearly different structure introduces significant error in our estimates. These errors could be due to differences in average wood density for forest stands, or to changes in average tree height among our three studied areas. Chambers et al. (2001b) demonstrated that allometric models developed in Manaus and at a drier site in the Brazilian state of Pará were quite similar, suggesting that regional shifts in mean wood density, at least in some cases, is not a major concern. Baker et al. (2004) suggest that forests in the central and eastern Amazon have similar stand wood densities. We thus have applied the Chambers et al. (2001b) equation to data in Santarém without correction. However, allometric equations based on harvested trees in Amazon forests are quite limited. Though there are likely some regional differences in mean stand level wood density, this factor remains poorly characterized (Williamson 1984) , though studies are underway to improve the database of wood density . The large differences in biomass increment between Manaus and Rio Branco/Santarém forests exceed the suggested density correction to allometry (Table 3) .
Hydrologic regime
Plant water availability can affect not only growth rates but also the vertical structure of the forest. (Porporato et al. 2001; Dunisch et al. 2002) . Forest structure is determined by disturbance history, radial growth rates of individual plants and by their competitive interactions (Niels and Anten 2001) , all of which may be strongly influenced by climate (Clark and Clark 1994; Roderick et al. 2001 ). According to Porporato et al. (2001) , physiological processes such as photosynthesis and nutrient transfer are reduced as the stores of water available to the plant decrease. Tree growth can therefore be limited more frequently by lack of water than by other factors (Nepstad et al. 2002) , influencing not only the diameter increment growth, but also how trees are distributed in the forest. Too much precipitation can also affect tree growth rates. Saturated soils limit root respiration and slow photosynthesis. In areas experiencing high annual rainfall, such as the central Amazon, soils can be temporarily inundated. Clouds associated with rain can also influence photosynthesis rates. Our Manaus site experienced its smallest diameter increment in the year 2000, when annual precipitation was~55% greater than normal.
In this study, the area subjected to the shortest dry season (and presumably the least water stress) had different canopy structure, with the majority of trees of small to medium size (<50 cm DBH), and the slowest annual growth rates. Water availability may influence forest structure and biomass in the longer term, through factors like species composition, while shorter-term differences in growth rate may be more related to recent disturbance.
The residence time of carbon in trees
The site with the largest biomass in this study, Manaus, was also the site with slowest growth rates. If we assume the observed average diameter growth increment of 1.7 mm year −1 for this site is constant, a tree of average diameter (396 mm) would take 240 years to reach that size. For the Rio Branco and Santarém sites with annual diameter increment of 3.9 and 3.1 mm year −1 , respectively, the average diameter trees of 445 and 559 mm diameter would both take~140 years to reach that size. This tendency of trees in Manaus to be on average older than those of Rio Branco and Santarém is confirmed by radiocarbon analyses of tree age in the same three sites (Vieira 2003; Vieira et al, unpublished data) . The same tendency was verified by Malhi et al. (2004) to several sites in Amazonia. Mean tree ages predicted for Manaus are similar to those predicted by the model of Chambers et al. (2000) , but are significantly longer than those used by other models of carbon dynamics in tropical forests. Our estimates of tree growth, recruitment and mortality in Manaus suggest that this forest is in close to C balance, in contrast to the Rio Branco and Santarém forests, which appear to be accumulating C in living trees. Tree ages derived using growth rates that could be responding to recent disturbance in Rio Branco and Santarém, which could lead to underestimation of mean tree age at these sites.
Interannual differences in C allocated to live wood growth measured in this study were large, up to 0.9 Mg C ha −1 year −1
, or 40% of total C accumulation through diameter increment each year. Site to site and year to year variations in tree diameter increment can reflect several factors, and are not simply differences in precipitation from area or year to another.
Conclusions
Terra-firme tropical forests are not all equal in biomass, structure and function. The Central Amazonian forest we studied near Manaus had higher biodiversity, biomass and C stocks, but lower growth rates than two other forests experiencing a more pronounced dry season. Higher C stocks, combined with slower growth rates, indicate that trees in this Central Amazon forest are on average older than those at the other sites, and older than values of tree mean age presently used in models of tropical forest C dynamics.
Growth rates were highest in the largest trees, and large trees represented a greater number of individuals and biomass in the Rio Branco and Santarém sites. Diameter increment changes in large trees varied seasonally with changes in precipitation, with less apparent growth during the dry season, and greater rates during the wet season. These seasonal differences may be confounded by variation in stem water content. Seasonal variations were less pronounced in smaller size classes.
Correction for recruitment and mortality resulted in the conclusion that live wood is approximately in steady state in the Manaus forest, but accumulating approximately 1.5 Mg C ha −1 year −1 in the Rio Branco and Santarém sites. It is important to note that carbon accumulation in tree trunks does not mean that the whole forest is acting as a carbon sink. Living trees are only one factor in the overall forest C balance. These estimates allow us to determine C balance in living wood biomass; site carbon balance will depend on additional factors: the amount and decomposition rate of dead wood, the production and decay of litter and fine roots, and changes in the stocks of soil organic carbon. For example, based on observations of dead wood inventory and decomposition rates, Rice et al. (2004) and Saleska et al. (2003) infer that the entire wood (live + dead) C pool is losing C to the atmosphere at the Santarém site. Telles et al. (2003) recently showed that soils may either accumulate or lose C at rates approaching 1 Mg C ha −1 year −1 following changes in litterfall or disturbance.
Because live wood plays a key role in both overall C balance and interannual variation, the large variability of biomass stocks and growth rates reported here for three Amazonian forest sites demonstrates that more work is needed to understand the sources of this variation.
